Slurry parameters were controlled prior to spray-drying to visualize and govern an understanding of which parameters govern hollow coring and granule morphology during spray-drying. An aqueous alumina using a polyvinyl alcohol binder (PVA) system was analyzed and granules were processed by altering the slurry specific gravity and viscosity value prior to spray-drying. Spray-dried granules were uniaxial dry-pressed at varying moisture contents to show the plasticizing effects of moisture during compaction. A novel characterization method using a field emission electron microscope (FESEM) was implemented to image the green microstructures of the granules and compacted samples. Slurries with a higher specific gravity and viscosity resulted in denser granules with spherical shapes. Viscosity affected the binder segregation during the spray-drying process. Granules stored at higher moisture contents resulted in denser compacts with fewer intergranular pores and cracks along granule boundaries. Using a FESEM resulted in higher resolution for green microstructural characterization.
Introduction
Microstructural variability in ceramic green bodies has been a known issue within the ceramic processing world. Dry-pressing of ceramic powders is a widely used process due to its low cost, high production rates, and shape forming abilities. Fine ceramic particles typically achieve high-density parts at lower temperatures and times due to enhanced sintering kinetics. However, fine particles do not flow due to the interparticle attractive forces, which are greater than nules. Spray-drying is the most widely used granulation technique for large production of dry-pressed ceramics. A key requirement during the dry-pressing process is a uniform density distribution of primary ceramic granules, without which causes variations in green bulk density. A desired uniform green microstructure shows no remnants of the agglomerated granules and a uniform density distribution. If granule remnants remain, intergranular pores will persist within the microstructure after densification, thus depleting the reliability of the ceramic's properties. Large pores that persist throughout the sintered microstructure can become stress concentrators and cause failures during production.
A major challenge in dry-pressing ceramics is processing a flaw free green microstructure that will return a highly reliable sintered ceramic. Different factors in the processing of compacted green body ceramics lead to microstructural variations that are difficult to account for. Characterization and evaluation of the ceramic green microstructure are necessary to form reliable dry-pressed ceramics. The issue is there is an absence of sufficient analytical techniques needed to characterize the microstructure of the green ceramic compacts. This paper will describe a novel characterization method to visualize green ceramics with the use of a field emission scanning election microscope.
Background

Liquid Immersion Method (LIM)
In terms of microstructural visualization of green ceramics, a novel technique using an optical microscope was developed by Uematsu et al. [1] known as the liquid immersion method (LIM) to visualize the morphology of spray-dried granules. Alumina spray-dried granules were made transparent under an optical microscope by use of an immersion liquid to account for the refractive index of the alumina ceramic, which is n = 1.76 [1] . Methylene iodide (n = 1.74) and 2-bromonaphthalene (n = 1.64) were the immersion liquids tested since they have a similar refractive index of alumina [1] . The relative refractive indices of these liquids compared to alumina are R = 1.01 for the former and 1.07 for the latter [1] . The interior structures of the spray-dried granules were examined to determine if they were solid or hollow [1] - [15] . This method proved to visualize the segregation of PVA binder within the internal structure of the granule.
Zhang et al. [2] showed the distribution of PVA within the compacted body and how binder rich layers cause detrimental defects prior to sintering. Dry-pressed alumina green bodies were thinned by the use of a grinding sandpaper to less than 0.5 mm in thickness and an immersion liquid was used to visualize the uniformity of the compacted microstructure. Regions of high and low density were then differentiated based on the binder distribution within the granules, and [16] . Figure 1 shows the liquid immersion method and the binder distribution within granules and a compacted green body before and after binder removal [17] .
Uematsu et al. [8] coupled infrared microscopy with the liquid immersion method to improve the capability with other ceramics. Silicon nitride, for example, has a refractive index of n = 2.05, and all available immersion liquids to be used are toxic and unstable, therefore using a longer wavelength light source, such as infrared light, can be helpful for observation [8] . Due to the stronger light source, a thickness of 2 mm of specimens to be observed was achieved as opposed to 0.5 mm with an optical microscope. However, the availability of immersion liquids for most ceramics with high refractive indices is low. This reason, along with thinning the specimens down in thickness and intermediately sintering the specimens to elevated temperatures around 1000˚C -1100˚C are the major limitations of this method [3] . The purpose of heating the samples to the above temperatures is to supply enough strength for handling during the characterization process [3] . However, its capabilities used to visualize the binder segregation and internal structures of spray-dried granules and compacted green bodies have been proven valuable in ceramic processing.
Confocal Laser Scanning Microscopy (CLSM)
Confocal laser scanning microscopy (CLSM) is an improved method that uses a fluorescent dye and an immersion liquid within a green compact. Saito et al. [18] has stated that this method can show the smallest features of roughly 0.4 microns, which is an improvement from the liquid immersion method. With this method, low density regions were shown to form at granule boundaries after binder burnout [19] . This method has also shown the processing effects of different relative humidity atmospheres on the compaction behavior of spray-dried granules and the resulting green microstructures [18] [19] [20] . Brighter contrast regions show the effect PVA segregation has on the microstructure of the green compact, forming detrimental intergranule porosity. Homogeneous microstructures formed with higher relative humidity percentages resulted in higher strength and reliable ceramics [20] . Tanaka et al. [21] investigated the difference between ball milled and agitated ball milled processing in terms of producing spray-dried granules. It was shown that ball milled granules resulted in a higher percentage of agglomerates and aggregates within the granule compared to agitated ball milled. Kato et al. [22] investigated the stages of compaction using this method by tapping granules within a die by use of a high refractive index resin and fluo- difficult to quantify the deformation process using this method. The limitations of this method are the same as the liquid immersion method previously discussed. This method resolves heavily on the use of an immersion liquid with a high enough refractive index to characterize the green compacted ceramic. Alumina is heavily investigated due to its easily accessible refractive index for analysis [18] - [23] . Compacted green ceramics must also have a high strength to be thinned to less than 0.2 mm for this method, therefore be heated to temperatures around 700˚C -1000˚C [18] [19] . These limitations restrict the capabilities of spatial resolution and, on a larger scale, three-dimensional imaging [18] . Figure 2 shows the improved resolution with using CLSM to visualize the binder distribution along the granule boundaries within a compacted green body.
Micro X-Ray Computed Tomography (Micro X-Ray CT)
Micro X-ray computed tomography (micro X-ray CT) is a nondestructive characterization tool that has been recently used to visualize the internal structure of materials [17] [24] . Dies et al. [25] investigated the moisture effects during humidity resulted in a greater uniformity throughout the compacted body when compared to spray-dried granules stored at 98% relative humidity, which resulted in the greatest density but had a greater difference of density variations throughout the microstructure. The most uniform structure resulted from granules stored at a relative humidity level of 60%. A similar study was completed by Cottrino et al. [26] where density heterogeneity was highlighted by manipulating the compaction behavior of the spray-dried granules due to varying moisture and binder percentages of the granules prior to compaction. In micro X-ray CT, large pores and loose packing structures within the ceramic compact are difficult to distinguish due to the similar degrees of X-ray absorbency [27] . Potassium iodide was used as a contrast media by Hondo et al. [24] in attempt to account for this issue and is shown in Figure 3 . Hondo was able to visualize areas of low density regions within green ceramics down to a resolution of one micron and generated a three-dimensional rendering of the characterized ceramic [24] . Hondo went on to evaluate the growth behavior of large pores during sintering with the use of micro X-ray CT and was able to show heterogeneous densification occurs due to large pore growth and nonuniform granule remnant shrinkage [17] .
Field Emission Scanning Electron Microscope (FESEM)
Ku [28] developed a method using Spurr Low Viscosity Kit epoxy to infiltrate ceramic powders within interparticle pores without causing dispersion or breakage. Alazzawi et al. [29] has shown this infiltration method can successfully infiltrate green titanium dioxide extrudates for microstructural characterization with the use of a FESEM and charge mitigation techniques for higher resolution microstructural characterization. This method will be the method investigated for this paper. The spray-dryer used for this study was a Niro Atomizer Minor Plant with a co-current fountain nozzle. The slurries were pumped and atomized into the nozzle at a constant speed and atomization pressure. The inlet temperature of the spray-dryer was set to 150˚C with the outlet ranging from 60˚C -70˚C [5] [6]. The powder was then screened through varied sized sieves to evaluate particle size analysis on the spray-dried granules. The moisture of the spray-dried granules varied from 0.0% -0.5% moisture based on weight and no further heat treatment was conducted to ensure the mechanical properties of the organic binder were governed. In preparation for image analysis, the granules were heat treated at 150˚C with a ramp heat of 10˚C per minute. Granules were dwelled for two hours at 150˚C and then cooled to room temperature, 25˚C, at a rate of 10˚C per minute.
Granules were then vacuum infiltrated using a Buehler Cast N' Vac 1000 
Green Microstructure Analysis
In an attempt to understand the processing effects on microstructural uniformity within a uniaxial dry-pressed compact, moisture was added to specific To ensure the weight loss wasn't being attributed to the loss of the organic binder species, TGA was administered by use of a TA Instruments Q600 by heating up the granules to 700˚C at a rate of 3˚C per minute in air for 2 hours. It was found that the PVA started to degrade roughly around 125˚C. Granules were uniaxially compacted to 100 MPa at moisture percentages of 0.1% (As-Received Spray-Dried) and 3.0%. Compacted green bodies were then vacuum infiltrated, polished, ion milled, and prepared for FESEM microstructural image analysis using the same method described above for the spray-dried granules in the previous subsection. , and 1.00 g/cm 3 for 100 cP (55% solids), 250 cP (55% solids), 400 cP (55% solids), 50% Solids (400 cP), 60% Solids (400 cP) respectively.
Results and Discussion
Granule Morphology Analysis
These values are an average of three calculations for the same granule sieve sizes.
Tap density values show higher specific gravity and viscosity of the aqueous slurries promote denser granules and less hollow coring. FESEM image analysis shows the variations in hollow coring for the spray-dried granules and shows proof of the past statement. All FESEM images below are taken using an InLens detector to enhance the contrast difference of the spray-dried granules infiltrated in the epoxy resin. Hollow coring was extensive in the 100 cP (55% solids) granules compared to the rest and showed greater hollow cores in size compared to the others. 400 cP and 60% solids showed some irregular shapes but less frequent hollow coring that were smaller in size compared to the 100 cP and 50% solid granules.
Green Microstructure Analysis
SEM images of microstructures of the varying moisture percentages are shown below in Figure 9 and Figure 10 . At 0.1%, the remnants of the granules can still be seen, however at 3.0% moisture, the granule remnants are no longer visible. Less intergranular pores and cracks along low-density regions of the granule boundaries are visible in the compacts pressed with 3.0% moisture. The green densities of the alumina compacts for 3.0% and dry (0.1%) are 56.5% and 56.0% respectively. These densities are geometric densities calculated by the volume of the compact and weight after the compact was heat treated to remove the organic binder. The alumina compacts were heated up to 700˚C at a rate of 3˚C per minute in air for 2 hours to achieve this calculation. In Figure 7 , the image on the left was taken with an InLens detector on the Zeiss FESEM, to distinguish a contrast difference between the organic binder species of PVA located on the granule boundaries and the alumina ceramic. The image on the right is the same region of the green alumina microstructure taken using an SE2 detector instead, to show the uniformity comparison with the above microstructures at 0.1% moisture in Figure 9 . During spray-drying, the PVA binder migrates to the surface of the ceramic particles during the evaporation of the water. This creates a segregated layer of organic binder that dictates the knitting of the granules during compaction. If cracks form along the granule boundaries after compaction, low density regions will form along the granule boundaries after the binder removal process. The 3.0% moisture content showed a higher degree of uniformity in the green microstructural FESEM images than the 0.1% or as-received dry granules did. There was a higher degree of intergranular pores and voids along the granule boundaries within the 0.1% microstructure than the 3.0% granules. During binder removal, these large voids and cracks along the granule boundaries create low density regions within the compact and therefore a flawed green microstructure.
Visualizing these processing differences prior to dry-pressing ceramic granules will aid in processing more reliable ceramic materials.
Conclusion
The use of a low viscosity epoxy resin to infiltrate compacted green bodies without breakage or dispersion coupled with a unique polishing and ion milling technique has been proved successful in visualization and green microstructural evaluation of spray-dried granules and compacted green bodies. The conductive materials used to mitigate the charging effects of the porous ceramics are proved to be enough to counter issues that evolve from microscopy characterization of porous materials. This novel technique shows the issues that arise from varying processing parameters of spray-dried granules and compacted green bodies.
Hollow coring was visualized to be more abundant in granules that were spray-dried with lower viscosity and specific gravity values. Irregular shaped granules were shown to be more prevalent in granules spray-dried from slurries with a viscosity of 400 cP and 50% solids loading by weight. Adding moisture to the spray-dried granules aids in the removal of intergranular pores and cracks along the granule boundaries, however, the issue that arises becomes the forma- 
